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ABSTRACT 


The  purpose  of  the  experimental  work  in  this  thesis 
is  to  observe  the  increase  in  stress  introduced  by  an 
unreinforced  circular  hole  in  the  wall  of  a  cylinder  subjected  to 
internal  pressure.  From  the  stresses  determined  using  wir* 
resistance  strain  gauges,  a  set  of  curves  showing  stress 
concentration  factors  around  the  hole  are  presented. 

The  results  of  this  investigation  indicate  that  the 
critical  stress  due  to  the  hole  is  not  always  at  the  point  fo  in  i  by 
proceeding  in  the  axial  direction  from  the  hole,  and  that  flat 
plate  theory  is  not  a  good  basis  for  analysis  unless  the  diamt  h  : 
of  the  hole  is  very  small  compared  to  the  diameter  of  the 
cylinder , 

Experimental  consideration  of  the  stresses  near  tin 
hole  showed  that  the  disturbed  area  around  the  hole  is  of  a  lot  al 
character,  although  not  as  small  as  commonly  assumed. 
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CHAPTER  1 


INTRODUCTION 

The  problem  of  stress  distribution  around  holes  in 
cylinders  has  been  the  subject  of  a  comparatively  small  number 
of  papers.  The  solution  of  the  problem  for  circular  holes  in 
large  plates  under  tension  or  compression  first  obtained  by 
G.  Kirsch  in  1898  is  treated  by  S.  P.  Timoshenko  and 
J.  N.  Goodier1.  This  solution  is  appicable  to  cylindrical  shell 
with  holes,  provided  the  diameter-  of  the  hole  is  very  small 
compared  to  the  bore  of  the  cylinder  and  the  wall  thickness  is 
small  compared  to  the  diameter  of  the  cylinder.  In  this  case 
the  variation  of  hoop  stress  in  the  radial  direction  and.  the 
effect  of  curvature  may  be  neglected,  so  that  all  points  on  the 
middle  surface  of  the  cylinder  are  assumed  to  have  the  same 
radial  deflection.  The  problem  may  then  be  considered  as  two 
dimensional  and  the  stress  field  around  the  hole  the  same  as 
around  a  circular  hole  in  an  infinite  plate  under  biaxial  tension 

One  of  the  first  attempts  which  allows  for  a 
curvature  effect  in  a  thin  cylinder  subjected  to  direct  loadings 
was  given  by  A  .  I.  Lurie  in  1947.  Unfortunately  this  article 


' 


2 


was  in  a  Russian  publication  which  could  not  be  obtamc-d. 
However,  a  short  resume  of  the  work  in  this  paper  was  given  in 
a  publication  by  D .  S.  Houghton  .  Lurie,  in  his  analysis  of 
circular  holes  in  curved  shells,  neglected  the  displacements 
tangential  to  the  surface  medium  when  calculating  the  change  in 
curvature  of  the  shell.  The  change  in  curvature  was  then 
expressed  only  by  the  radial  component  of  the  displacement.  A 
solution  for-  the  tangential  stress  around  the  hole  was  given 
which  consists  of  the  flat  plate  solution  plus  a  curvature 
correction  term. 

Houghton  compared  the  curvature  effect  predicted  by 
Lurie  with  experimental  results  conducted  on  unreinforced  holt  5 
using  a  photoelastic  technique.  The  cylinder  which  was  tested 
had  a  side  hole  to  bore  diameter  ratio  of  0.22  and  a  wall 
thickness  to  diameter  ratio  of  0.028.  For  this  geometrical 
configuration  flat  plate  theory  was  found  to  have  closer 
agreement  with  experimental  results  than  calculations  using  a 
curvature  correction  effect  as  given  by  Lurie . 

The  flat  plate  theory  was  extended  to  the  analysis  of 

.4 

holes  in  thick  cylinders  by  J.  H.  Faupel  and  D.  B.  Harris  in 
1957.  Experimental  results  using  both  photoelastic  and  strain 
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gauge  techniques  were  presented  in  this  paper.  The  ratio  of 
external  to  internal  diameter  of  the  cylinders  tested  ranged  from 
1.5  to  4.0,  and  the  ratio  of  hole  diameter  to  bore  diameter 
varied  from  0.125  to  1.0.  The  stress  concentration  factors 
calculated  from  experimental  results  varied  between  1.70  and 
3.02.  These  experiments  only  considered  the  variation  of  hoop 
stress  approaching  the  hole  in  a  direction  parallel  to  the 
longitudinal  axis  of  the  cylinder.  A  considerable  amount  of 
discrepancy  was  noted  between  experimental  results  and 
theoretical  predictions . 

An  experimental  investigation  of  the  stress  produced 
in  a  thick-walled  cylinder  by  a  radially  penetrating  hole  when 
loaded  by  an  internal  pressure  was  presented  by  M.  A.  Loshkarev1^ 
in  1958.  This  also  was  a  Russian  publication  which  could  not  be 
obtained,  but  a  review  of  the  paper ^  stated  that,  "The 
investigations  have  resulted  in  establishing  that,  with  increasing 
wall  thickness  as  well  as  increasing  diameter  of  the  radial  hole, 
the  stress  concentration  also  increases.  The  results  presented 
refer  to  the  case  when  the  pressure  acts  on  the  internal  surface 
of  the  cylinder,  and  on  the  radial  hole,  as  well  as  on  the 
surfaces  of  the  covers  closing  the  cylinder  at  the  ends." 
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.A  photoelastic  investigation  of  the  stresses  near 
reinforced  openings  in  pressure  vessels  was  conducted  by 
C.  E.  Taylor  and  J.  W.  Schweiker^  in  1959.  Stresses  in  the 
region  of  cylindrical  outlets  projecting  from  thin  walled 
cylindrical  and  spherical  vessels  were  considered.  The  vessels 
were  reinforced  around  the  branch  pipe  connections.  This 
investigation  indicated  that  outlets  in  spherical  shells  are  less 
critical  than  outlets  in  cylindrical  shells  of  the  same  dimensions. 

The  stress  distribution  in  a  shell  with  a  hole  of 

O 

arbitrary  shape  has  been  discussed  by  G.  N.  Savin  (1961).  This 
is  a  mathematical  analysis  of  the  problem  and  the  solution  has 
been  left  in  differential  form.  The  study  considers  a  membrane 
state  of  stress  and  is  not  directly  applicable  to  this 
investigation.  Experiments  aimed  at  finding  the  extent  of  the 
region  affected  by  the  hole  were  conducted  using  rubber  discs 
glued  to  rubber  membranes.  For  convenient  observation  the  se 
shells  were  inscribed  in  their  undeformed  state  with  a  square 
net  of  lines.  This  work  indicated  that  the  disturbed  area  was  of 
a  local  character  extending  not  more  than  one  hole  diameter  from 
the  edge  of  the  hole. 

The  methods  of  potential  theory  were  applied  to  the 
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analysis  of  thin  shells  with  holes  by  D .  V.  Vainberg  and 
A.  L.  Siniavskii^  (1961).  This  paper  considered  specifically  the 
problem  of  a  cylindrical  shell  with  an  elliptical  hole  subjected  to 
a  uniform  tensile  force  in  the  axial  direction.  A  method  of 
computing  deflections  of  the  shell  was  given  and  the  numerical 
work  was  executed  for  a  cylinder  with  a  wall  thickness  to 
diameter  ratio  of  1/60,  having  an  elleptical  hole  with  a  minor  axi 
to  major  axis  ratio  of  1  / 2  .  The  ratio  of  the  major  axis  of  the 
ellipse  to  the  diameter  of  the  cylinder  was  1/30.  Radial 
deflections  of  the  cylinder  due  to  the  presence  of  the  hole 
calculated  using  this  method  were  found  to  extend  a  considerable 
distance  from  the  hole,  as  shown  in  Fig.  1. 


,  •!  •' 


6 


T0 


RADIAL  DEFLECTIONS  IN  LONGITUDINAL  DIRECTION 


DEFLECTIONS  AS  CALCULATED  BY  Ds  V„  VAINBERG  AND 

A0  L„  SINIAVSKI1 


FIGURE  L 
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CHAPTER  2 

OBJECT  AND  SCOPE 

The  primary  object  of  this  investigation  was  to 
observe  the  increase  in  stress  introduced  by  an  unreinforced 
circular  hole  in  the  wall  of  a  cylinder  subjected  to  internal 
pressure . 

Four-  cylinders  were  tested,  ranging  in  dimension 
from  a  wall  thickness  to  internal  diameter  ratio  of  1/24  to  1/6. 
This  series  of  tests  extended  from  the  "thin  cylinder"  area 
through  the  transition  to  the  "thick  cylinder"  field.  In  this  case 
a  "thin  cylinder"  is  defined  as  one  which  has  a  wall  thickness 
to  internal  diameter  ratio  of  less  than  1/10. 

Three  sizes  of  hole  were  tested  for  each  cylinder. 

In  all  cylinders  the  diameter  of  hole  to  bore  diameter  ratios  were 
1/12,  1/6,  and  1/4. 

Boundary  conditions  at  the  hole  consisted  of  a  shear 
loading  around  the  perimeter  of  the  hole  at  the  cylinder  bore  due 
to  the  force  exerted  by  the  plug  and  a  uniform  fluid  pressure- 
acting  on  the  sides  of  the  hole  up  to  the  line  of  intersection  of 
the  0-ring  with  the  cylinder  wall. 
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All  strain  measurements  were  taken  on  the  outside 
surface  of  the  cylinders,  and  therefore,  the  results  obtained  are 
directly  applicable  only  to  stresses  on  the  outside  surface  of  the 
cylinder  near  the  edge  of  the  hole. 
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CHAPTER  3 

THEORY 

The  use  of  strain  gauge  techniques  for  experimental 
investigations  reveals  the  strains  sustained  by  the  specimen  at 
the  points  where  the  strain  gauges  are  placed.  In  order  to 
describe  the  stresses  in  the  specimens,  the  relations  between  the 
components  of  stress  and  the  components  of  strain  must  be  found. 
The  expressions  for  these  relationships  are  developed  using 
Hooke's  law  and  Poisson's  effect. 

Consider  an  elemental  rectangular  parallelepiped  from 
the  wall  of  a  cylinder  subjected  to  three  stresses  0 q,  (Jz  ,  and 
OV  in  the  hoop,  longitudinal  and  radial  directions  respectively. 
The  expressions  for  strain  may  be  written  for  each  one  of  these 
stresses  separately  and  superposition  used  to  find  the  strains  due 
to  the  combined  stresses. 

The  magnitude  of  the  hoop  strain,  due  to  Uq  is  given 

Q- 

by  Hooke's  law-  ~  .  L—  where  E_  is  the  modulus 

EL 

of  elasticity. 

Extension  of  the  element  in  the  hoop  direction  is 
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accompanied  by  lateral  contractions  in  the  longitudinal  and  radial 


directions: 


v" 


,  05 


e 


■M 


01 


EL  "  EL 

where  yj,  is  Poisson’s  ratio. 

The  strains  due  to  (Jz  and  Ur  may  be  expressed  in  a 
similar  manner.  By  superimposing  the  strains  produced  by  the 
three  stresses,  the  strains  due  to  the  combined  stresses  are 
found  to  be: 


- 

_L 

E_ 

[jTe 

--  /A  (Oz  HrOV)  j 

e2  = 

i 

L 

[t 

“  y6f  C0~O  V  0  f  j  ] 

er  = 

1 

E 

[ov 

~  /A  (0©  +  oV)  | 

At  the  outside  surface  of  the  cylinder  the  stress  in 
the  radial  direction  is  zero  and  the  expressions  for  strain  reduce 
to;  p 

CLq  - 


1 


(Oq  ~/J  Uz  ) 

J 

iSTi-M  O'®) 


O 


The  expressions  for  hoop  stress  and  longitudinal  stress 


0  T-Qzj 


in  terms  of  hoop  strain  and  longitudinal  strain  at  the  outside 
surface  are  found  from  Bqns .  2. 

°®  “  ^  (i  ... . . 
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cr2  -  EL 


(  €  2  + £e) 

(I 
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Eqns.  3  were  used  to  compute  the  hoop  stress  CTg 
and  the  longitudinal  stress  Oz  from  the  observed  strains  as 
measured  by  wire  resistance  strain  gauges. 

Similarly  the  average  stresses  at  the  undisturbed 
surface  of  the  cylinder  were  derived  from  Eqns.  3  using  the  strains 
measured  on  the  cylinder  at  a  considerable  distance  from  the  hole. 

A  check  on  these  stresses  was  made  by  calculating  them  using 
the  thick  cylinder  theory.  This  check  showed  both  methods  to  be 
in  agreement  and  verified  the  experimental  technique.  Thus  a 
comparison  of  stress  near  the  hole  with  the  stress  in  the 
undisturbed  area  of  the  cylinder  did  not  depend  upon  the  modulus 
of  elasticity  used  or  the  accuracy  of  theoretical  solutions,  A 
numerical  value  for  the  modulus  of  elasticity  was  used  to 
calculate  stresses  in  the  cylinder,  however,  this  number  cancelled 
out  when  stresses  were  compared  in  the  calculation  of  the  stress 
concentration  factor . 

From  Eqns.  3  it  is  noted  that  the  magnitude  ol  the 
stress  calculated  from  measured  strains  is  dependent  upon 
Poisson's  ratio,  JA  ,  for  the  material  tested,  Poisson's  ratio 
may  be  calculated  from  the  relationship  between  longitudinal 
strain  and  hoop  strain  measured  on  the  undisturbed  area  of  the 


•  *  n  e’«i  a  I 
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cylinder . 


The  solution  for  the  stress  distribution  in  a  hollow 
cylinder  submitted  to  uniform  pressure  on  the  inner  and  outer 
surfaces  was  first  derived  by  La  me  10  in  1852.  From  this 
analysis  the  hoop  stress  at  the  outside  surface  of  a  cylinder 
subjected  to  internal  pressure  P  is  given  by: 


Qe 


2  az  P 
( b2  -  a2) 


o 


4 


where  CL  and  are  the  internal  and  external  radii  of  the 
cylinder  respectively. 

The  force  exerted  by  the  pressure  acting  on  the  ends 
of  the  closed  cylindrical  vessel  is  balanced  by  a  stress  in  the 
longitudinal  direction.  This  stress  is  assumed  to  be 
distributed  uniformly  through  the  wall  of  the  cylinder. 

From  these  considerations  the  longitudinal  stress  is 

found  to  be: 

n-  _  rra  P  _  P  . . 5 

-'rrb2-T'a*  “ 

or  1/2  the  hoop  stress. 

Using  Oe  =  2CTz  we  may  calculate  strains  at  the  surface 
in  the  hoop  and  longitudinal  directions  from  Eqns.  2. 
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9q  -  (o©  ~JA  of)  =  ^  (.  H  -  M)  I 

e2  =  --mv*)  -  ^-0  -  2/0 

Combining  the  two  above  equations  we  obtain: 

Si  I  -  2>( 

--  -  '  -  -  •  -  9  *  <>*<>•• 

(3  0  2  ■“ 

From  experimental  results  the  longitudinal  strain  on 
the  outer  surface  of  the  cylinder  was  plotted  vs.  hoop  strain  at 
the  same  point.  Using  the  slope  of  this  line,  Poisson's  ratio 
was  calculated  using  Eqn .  7. 

Flat  plate  theory  may  be  used  to  solve  for  the 
stresses  around  a  circular  hole  in  a  cylindrical  shell,  if  the 
diameter  of  the  hole  is  very  small  compared  to  the  diameter  of 
the  cylinder. 

The  drawing  below  represents  a  shell  submitted  to 
uniform  tensions  of  magnitudes  0©  in  the  hoop  direction  and  Oz. 
in  the  axial  direction. 
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If  a  small  hole  is  introduced  in  the  middle  of  the 
shell  the  stress  distribution  will  be  changed,  and  may  be 
analyzed  by  considering  the  two  tensions  separately  and  using 
superposition  to  find  the  effect  of  the  combined  stresses. 

Using  the  flat  plate  solution  described  by 
S.  P.  Timoshenko  and  J.  N.  Goodier^  the  stresses  due  to  O~o 
on  two  cross  sections  passing  through  the  centre  of  the  hole  are 
as  shown  below. 


0~e 


!  1  1 

!  1 

0-0 

3  Oe 

y  Trill 

V 

0 

1  n  1  - 

Oe 


Similarly  the  stresses  around  the  hole  due  to 
Oz  —  ~±  Oe  are: 
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Superimposing  the  stresses  around  the  hole  due  to 
these  two  tensions  the  solution  for  the  biaxially  loaded  plate  is: 


05 


As  shown  in  the  figure  the  effect  of  the  hole  is  of  a 
very  localized  character,  the  stresses  reducing  to  within  5 
percent  of  the  stresses  in  the  undisturbed  area  at  a  distance  of 
2  hole  diameters  from  the  edge  of  the  hole. 
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CHAPTER  4 

TEST  SPECIMENS 

Four  cylinders,  all  with  the  same  internal  diameter 
and  progressively  increasing  wall  thicknesses  were  used  for  this 
investigation.  All  cylinders  had  a  nominal  internal  diameter  of 
3  inches  with  nominal  wall  thicknesses  of  1/8  inch,  1/4  inch, 

3/8  inch,  and  1/2  inch.  The  test  specimens  were  15  inches  in 
length  and  had  plates  of  sufficient  thickness  to  withstand  the 
pressure  applied  to  the  cylinder,  welded  on  both  ends.  Exact 
dimensions  of  the  cylinders  are  shown  in  Fig,  2. 

The  rough  form  of  the  specimens  was  composed  of 
seamless  steel  mechanical  tubing  having  a  slightly  heavier  wall 
thickness  than  required  for  the  finished  cylinder.  The  mild  steel 
in  this  tubing  was  of  A.I.S.I.  specification  MT1015. 

The  first  step  in  the  preparation  of  the  specimens  was 
a  stress  relieving  operation  which  consisted  of  heating  the 
cylinders  to  a  temperature  of  lOOO^F.  and  holding  this 
temperature  for  a  period  of  half  an  hour.  The  heat  supply  for 
the  oven  was  then  turned  off  and  the  cylinders  were  allowed  to 


cool  with  the  oven. 


* 
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After  each  cylinder  had  been  machined  and  the  end 
plates  welded  on,  a  hole  was  drilled  and  reamed  to  1/4  inch  in 
diameter  midway  along  the  length  of  the  cylinder,  with  the  axis 
of  the  cylindrical  hole  intersecting  the  axis  of  the  cylinder.  When 
this  hole  had  been  tested,  it  was  drilled  and  reamed  to  1  / 2  inch 
in  diameter.  Similarly,  a  3/4  inch  hole  was  located  concentric 
with  the  first  two.  The  reaming  operation  left  the  holes  with  a 
tolerance  on  the  diameter  of  ±0,001  inches. 

Brass  plugs  with  O-ring  seals  were  used  to  confine 
the  hydraulic  fluid  to  the  inside  of  the  cylinders.  Three  plugs 
were  made,  of  1/4  inch,  l/2  inch,  and  3/4  inch  diameters.  The 
same  plugs  were  used  for  all  the  cylinders  tested.  Each  plug 
was  constructed  in  such  a  way  as  to  be  inserted  from  the  inside 
of  the  cylinder,  with  a  shoulder  which  came  in  contact  with  the 
inner  surface  preventing  the  plug  from  being  pushed  through  the 
hole.  For  the  1/4  inch  holes  the  brass  shoulder  was  allowed  to 
rest  against  the  cylinder,  but  for  the  1/2  inch  and  3/4  inch  plugs 
a  lead  washer  was  inserted  between  the  plug  and  the  inside 
surface  of  the  cylinder.  The  lead  washers  were  moulded  to  the 
curvature  of  the  tube  by  pulling  the  plug  outward  with  a  bolt 
through  a  pipe  support  as  shown  in  Fig.  3.  After  the  lead 
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washer  had  been  deformed  sufficiently,  the  plug  was  removed  and 
the  washer  machined  to  the  diameter  of  the  shoulder  of  the  plug. 
For  a  pictorial  description  of  the  plugs  see  Figs.  4  to  7. 
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FIGURE  3.  VIEW  OF  PIPE  SUPPORT  USED  TO  PULL  PLUG  INTO  PLACE 
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FIGURE  7 


CLOSE-UP  OF  3/4  INCH  PLUG 
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CHAPTER  5 

APPARATUS  AND  INSTRUMENTATION 


Fig.  8 


A  general  view  of  the  test  equipment  is  shown  in 


Pressure  was  supplied  to  the  inside  of  the  cylinder  by 
hydraulic  fluid  brought  from  a  "Blackhawk"  pressure  ram 
through  flexible  high  pressure  hose.  The  pressure  limit  of  the 
ram  and  hose  was  10,000  psi.,  but  the  pressure  gauge  used  on 
the  ram  only  had  a  range  up  to  5,000  psi.,  so  the  pressure  of 
the  system  was  limited  to  this  value.  Pressures  in  the  region 
of  10,000  psi.  would  have  been  advantageous  for  the  tests  on  the 
cylinders  before  the  holes  were  drilled,  but  the  lower  pressure 
proved  sufficient  to  give  the  desired  results.  A  calibration 
curve  for  the  pressure  gauge  is  shown  in  Fig.  9. 

Strain  gauges  of  the  wire  resistance  type  mounted  on 
a  thin  paper  base  were  used  for  all  strain  measurements  on  the 
cylinder.  Strains  on  the  cylinder  surface  unaffected  by  the  hole 
were  measured  using  "Kyowa  K-22-1"  gauges  of  10.5  mm.  gauge 
length.  Positioning  of  these  control  gauges  is  shown  in  Figs.  12, 
14,  17,  and  20.  "Kyowa  K-19-1"  gauges  of  3  mm.  gauge  length 
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were  placed  in  four  directions  around  the  holes  as  shown  in 
Fig.  10.  A  view  of  the  test  cylinder  with  all  gauges  in  place  is 
given  in  Fig.  11.  All  the  strain  gauges  were  connected  to  a 
"Baldwin"  switching  box  and  read  by  means  of  a  "Baldwin"  Strain 
Indicator,  Type  NA  .  A  "Baldwin"  Switching  and  Balancing  Unit 
was  used  for  some  of  the  earlier  tests  of  the  series,  but  the 
results  were  not  as  consistent  as  those  obtained  using  the 
ordinary  switching  box,  so  its  use  was  discontinued  for  the 
latter  tests. 
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FIGURE  8.  GENERAL  VIEW  OF  TEST  EQUIPMENT 
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FIGURE  10.  VIEW  OF  GAUGES  AROUND  HOLE 
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FIGURE  II.  VIEW  OF  TEST  CYLINDER 
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CHAPTER  6 

EXPERIMENTAL  PROCEDURE 

After  each  specimen  had  been  fabricated,  control 
gauges  were  glued  on  the  outside  of  the  cylinder  and  at  least, 
three  tests  were  run  on  the  vessel  before  the  first  hole  was 
drilled.  Strain  readings  were  taken  at  intervals  as  the?  pressure 
was  applied  and  the  initial  reading  of  the  gauges  at  zero  pressure 
was  checked  after  the  test  was  completed.  A  set  of  readings  was 
rejected  if  the  gauges  did  not  return  to  their  initial  readings 
after  all  load  was  removed. 

Two  of  the  control  gauges  at  the  centre  of  the 
cylinder  were  then  removed  and  the  1/4  inch  hole  was  drilled  in 
the  same  place  that  the  two  gauges  had  previously  been 
positioned.  Using  this  technique  it  was  possible  to  compare 
stresses  within  a  small  area  before  and  after  drilling  the  hole. 

When  the  hole  had  been  drilled,  strain  gauges  were 
mounted  around  it  and  the  1  / 4  inch  plug  was  placed  in  position. 
The  pressure  inside  the  cylinder  was  pumped  to  a  pre-determined 
value  and  held  at  that  pressure  while  all  the  gauges  were  read, 
then  increased  to  the  next  level .  I  his  procedure  was  repeated 
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until  the  maximum  load  was  reached,  then  the  pressure  was 
reduced  to  zero  and  the  zero  readings  were  checked  0  At  least 
three  tests  which  gave  consistent  results  were  averaged. 

Stresses  near  the  hole  were  computed  before  reaming 
the  hole  to  the  next  larger  size.  Appendix  A  describes  the 
method  in  which  the  strain  readings  were  converted  to  stresses. 
If  the  stresses  derived  did  not  appear  to  be  correct  the  test  was 
re-run,  or  in  some  cases  the  strain  gauges  were  replaced. 

When  it  was  established  that  the  results  from  the 
tests  around  the  1/4  inch  hole  were  satisfactory,  the  strain 
gauges  were  removed  and  the  hole  was  drilled  and  reamed  to 
l/2  inch  in  diameter.  Gauges  were  then  placed  around  this  hole 
and  a  procedure  similar  to  that  used  for  the  1  / 4  inch  hole  was 
followed.  The  largest  hole  was  tested  in  the  same  manner-.. 
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CHAPTER  7 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 


7.1  Poisson's  Ratio 


Strain  gauge  readings  of  axial  strain  vs.  hoop  strain 
are  shown  in  Figs.  13  to  22.  The  numbers  on  the  lines  refer-  to 


the  gauge  numbers  as  noted  on  the  drawings  preceeding  the 
diagrams.  Using  the  slope  of  the  lines,  Poisson's  ratio  was 
computed  using  Eqn.  7.  Table  1  below  gives  the  values  of 
Poisson's  ratio  as  calculated  from  the  curves  of  Figs.  1.3  to  22. 


TABLE  1  .  POISSON'S  RATIO 


CYLINDER 
WALL  THICKNESS 

GAUGE 

NUMBERS 

POISSON'S  RATIO 

1/8" 

9  &  20 

0.266 

I! 

8  &.  17 

0.274 

1/4" 

1  &  2 

0.274 

1 1 

3  &  4 

0.273 

1  I 

5  &  r, 

0.253 

1  f 

7  &  8 

0.269 

1  I 

9  &.  10 

0.249 

1 1 

11  &  12 

0.273 

3/8" 

1  &  2 

0.286 

1  Y 

3  &  4 

0.276 

1 1 

5  &  6 

0.280 

1 1 

7  &  8 

0.270 

1 1 

9  &  10 

0.260 

1 1 

11  &  12 

0.272 

1/2" 

1  &  2 

0.246 

1 1 

3  &  4 

0.2  79 

f  t 

5  &  6 

0.269 

1 1 

7  &  8 

0.252 

f  t 

9  &  10 

0.248 

1 1 

11  &,  12 

0.235 
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It  is  seen  from  this  table  that  the  apparent  Poisson's 
ratio  varied  considerably  for  different  points  on  the  cylinders.  A 
weighted  mean  value  for  Poisson's  ratio  of  0.27  was  used  in 
subsequent  calculations  for  all  the  test  specimens. 
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POSITIONING  OF  CONTROL  GAUGES 
1/8  INCH  WALL  THICKNESS 
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7.2  Strain- Pressure  Diagrams 

The  purpose  of  the  strain- pressure  diagrams  was  to 
find  the  most  accurate  relationship  between  strain  at  the  outside 
surface  of  the  cylinder  and  pressure  within  the  cylinder.  The 
test  specimens  were  stressed  within  the  elastic  range,  so  a 
comparison  of  stresses  near  the  hole  with  those  in  the 
undisturbed  area  at  any  particular  pressure  gave  the  required 
stress  concentration  factor.  To  derive  the  stresses  at  that 
pressure  it  was  necessary  to  find  the  true  strains  around  the 
hole . 

Rather  than  use  the  strain  gauge  readings  for  one 
specific  pressure,  the  strains  read  from  each  gauge  were  plotted 
vs.  pressure  and  the  best-fit  straight  lines  drawn  for  these 
results.  The  strains  found  from  these  lines  at  one  specific 
pressure  were  used  to  calculate  the  stresses  around  the  hole. 

The  plots  of  strain  vs.  pressure  also  provided  a  check  on  the 
experimental  equipment.  The  diagrams  of  strain  vs.  pressure 
for  the  gauges  together  with  the  drawings  showing  the  positioning 
of  the  gauges  relative  to  the  holes,  are  given  in  Figs.  2  2  to  62. 
The  number  within  the  circle  at  the  end  of  each  line  refers  to  the 
gauge  number  as  noted  in  the  drawing  preceding  the  strain- 
pressure  diagram. 
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7,3  Stress  and  Strain  Approaching  Point  A 

1  he  diagrams  of  strain  vs.  distance  from  the  edge  of 
the  hole  approaching  point  A  are  shown  in  Figs.  64  to  75.  The 
values  of  strain  at  the  edge  of  the  hole  obtained  by  extending  the 
curves  are  of  questionable  accuracy,  especially  for  the  1/4  inch 
diameter  holes.  The  points  where  strains  were  measured  were 
not  as  close  to  the  edge  of  the  hole  as  would  have  been 
desirable.  This  occurred  because  the  gauges,  although  the 
smallest  available,  were  still  large  compared  to  the  size  of  the 
hole.  The  problem  of  physical  dimensions  also  prevented  the  use 
of  a  sufficient  number  of  gauges  in  the  area  affected  by  the  hole 
to  provide  a  clear  picture  of  the  strain  pattern  in  that  region. 

A  further  misrepresentation  was  introduced  through 
the  fact  that  the  readings  obtained  from  the  strain  gauges,  which 
were  the  average  strains  over  the  length  of  the  gauges,  were 
plotted  as  if  they  were  the  strains  at  the  points  where  the 
centres  of  the  wire  grids  were  placed.  However,  the  inaccuracy 
caused  by  this  approximation  was  insignificant  in  most  cases. 

The  diagrams  of  stress  vs.  distance  from  the  edge  of 
the  hole  approaching  point  A  are  shown  in  Figs.  76  to  87.  I  he 
method  of  obtaining  the  stress  diagrams  from  the  strain  diagrams 


90 


is  described  in  Appendix  A. 

The  first  observation  to  be  made  from  these  diagrams 
is  that  the  disturbed  area  is  of  a  local  character.  The  stress 
decreases  to  within  five  percent  of  the  stress  in  the  undisturbed 
region  at  a  distance  of  less  than  one  and  one  half  hole  diameters 
from  the  edge  of  the  hole  in  all  cases,  and  for  the  larger  holes 
at  a  distance  of  less  than  one  hole  diameter  from  the  opening. 
This  would  seem  to  be  contradictory  to  the  theoretical  work  of 
Vainberg  and  Siniavskii  which  indicated  that  a  much  larger  area 
was  affected.  However,  it  must  be  noted  that  their  analysis 
considered  deflections  of  the  she'll  in  the  radial  direction  due  to 
an  axial  load  only,  whereas  this  investigation  has  considered  the 
stresses  tangential  to  the  surface  of  the  cylinder  due  to  an 


internal  pressure. 


The  general  form  of  the  stress  distribution  is  similar 
for  all  the  holes  tested,  although  the  stress  perpendicular  to  the 
boundary  as  shown  in  Figs,  78  and  83  did  not  increase  as  rapidly 
as  in  the  remainder  of  the  tests.  1  his  may  have  been  <  aus(  d  by 
an  eccentric  loading  due  to  the  plug  exerting  a  force  on  the  sid( 
of  the  hole.  The  stress  tangential  to  the  hole  showed  an 


o 


sc  ilia  ting  effect  in  the  thin  cylinder,  and  in  the  thicker  cylinders 


. 
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with  large  holes,  that  is,  the  hoop  stress  at  a  short  distance 
from  the  hole  dropped  to  a  value  lower  than  that  in  the 
undisturbed  region.  The  work  of  Vainberg  and  Siniavskii  showed 
an  oscillating  effect  for  the  deflection  of  shells  under  axial  load. 
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7,4  Stress  and  Strain  Approaching  Point  B 

1  he  diagrams  of  strain  vs,  distance  from  the  edge  of 
the  hole  approaching  point  B  are  shown  in  Figs.  88  to  99.  The 
problem  of  physical  dimensions  mentioned  for  point  A  also  applies 
lor  point  B,  although  the  strain  did  not  increase  as  sharply  near 
the  edge  of  the  hole  at  this  point.  If  future  investigations  are 
endeavored,  it  would  be  advisable  to  use  specimens  of  much 
larger  dimensions. 

The  diagrams  of  stress  vs.  distance  from  the  edge  of 
the  hole  approaching  point  B  are  shown  in  Figs.  100  to  111. 

From  these  diagrams  it  is  noted  that  the  stress  does  not 
decrease  as  rapidly  in  this  direction  as  does  the  stress 
approaching  point  A  .  In  the  most  extreme  cases  the  stress  does 
not  reduce  to  within  five  percent  of  the  stress  in  the  undisturbed 
area  at  a  distance  of  less  than  four  hole  diameters  from  the 
edge  of  the  hole,  and  in  none  of  the  configurations  tested  is  the 
stress  within  this  limit  at  a  distance  of  less  than  one  and  one 
half  hole  diameters  from  the  boundary.  However,  the  magnitude 
of  the  stress  tangential  to  the  hole  approaching  point  B  was  in 
most  cases  not  as  great  as  at  point  A  .  It,  therefore,  was  not 


the  governing  stress. 
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FIGURE  88 
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7.5  Stress  Concentration  Factor  Curves 

The  stress  concentration  factor  curves  at  points  A  and 
B  are  given  in  Figs.  112  and  113  respectively.  These  curves 
were  plotted  from  results  of  the  previous  diagrams  of  stress  vs. 
distance  from  the  edge  of  the  hole. 

The  stress  concentration  factor  in  this  case  is  defined 
to  be  the  ratio  of  stress  tangential  to  the  boundary  of  the  hole  to 
hoop  stress  in  an  undisturbed  region  of  the  cylinder.  This 
definition  was  used  to  compare  the  amplitude  of  the  stress  at  the 
edge  of  the  hole  to  the  hoop  stress  at  the  same  point  on  the 
cylinder  without  a  hole.  It  should  be  noted  that  the  maximum 
stress  in  a  cylinder  without  a  hole  occurs  at  the  inside  surface 
and  this  investigation  has  only  analyzed  stresses  on  the  outside 
surface  of  the  cylinder. 

For  the  thin  cylinders  tested  the  difference  between 
stress  at  the  outside  surface  and  stress  at  the  inside  surface  in 
the  undisturbed  region  is  relatively  small  as  calculated  using 
Lame's  solution^,  so  the  stress  concentration  factor  dt;ri\«d  naa\’ 
be  considered  to  be  valid  for  all  points  through  the  wall  oi  the 
cylinder.  However,  the  stress  at  the  inside  suiface  of  the 
thicker-walled  cylinders  is  considerably  different  from  the  stress 
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at  the  outside  surface.  Although  the  stress  concentration  factor 
derived  is  correct  when  comparing  stresses  on  the  outside 
surface  of  the  cylinder,  there  is  no  data  available  to  support  an 
assumption  that  the  stress  increases  proportionately  at  the  inside 
surface.  However,  this  stress  concentration  factor  may  be  used 
as  an  indication  of  the  magnitude  of  the  maximum  stress  in  the 
cylinder . 

As  noted  previously  the  accuracy  of  stresses  found  at 
the  edge  of  the  hole  for  smaller  hole  diameters  is  questionable, 
however,  the  results  are  sufficiently  correct  to  give  a 
quantitative  indication  of  the  magnitude  of  the  stress  concentration 
involved . 

From  Fig.  112  it  is  seen  that  the  stress  concentration 
at  point  A  increases  with  increasing  wall  thickness,  as  well  as 
increasing  size  of  hole.  This  agrees  with  the  findings  oi 
Loshkarev5 .  For  the  cylinder  dimensions  tested  the  rate  oi 
change  of  stress  concentration  factor  at  point  A  was  not  too 
great,  the  stress  concentration  factor  varying  irom  2.5  to  5.0 
for  the  whole  range  analyzed.  The  stress  concentration  factor 
at  this  point  for  a  small  hole  in  a  thin  cylinder  was  2.5  as 
expected  from  flat  plate  theory. 
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EXTERNAL  TO  INTERNAL  DIAMETER  OF  CYLINDER 


144 


co  Q 


:\° 


X 

U 

Q 

Z 

□ 

> 

o 

u. 

o 

x 

U 

H 

LJ 


cm 


< 

Q 


J 

< 

Z 

X 

u 

h 

z 

o 

H 

_J 

< 

z 

X 

LI 

H 

X 

LU 


ro 


111 

X 

o 

o 


o 

a 

CO 


O 

o 

CM 


X  dO-LOVd  NOI-LVdXN3DNOO  SS3d±S 


o 

a 


O 


145 


The  stress  concentration  factor  curves  at  point  B 
shown  in  big,  113  are  in  general  much  different  from  what  would 
be  expected  using  tlat  plate  theory.  According  to  flat  plate 
theory  the  stress  tangential  to  the  hole  would  be  one  half  the  hoop 
stress,  or,  the  stress  concentration  factor  as  previously  defined 
would  be  0.5.  Fig.  113  indicates  that  this  value  is  valid  if  the 
diameter  of  the  hole  is  very  small  compared  to  the  diameter  of 
the  cylinder.  The  stress  concentration  factor  approached  0.5  for 
a  small  hole  in  the  thick  cylinders,  but  for  the  thin  cylinders, 
where  flat  plate  theory  was  expected  to  have  close  agreement  the 
stresses  were  much  higher  than  those  found  using  flat  plate  theory. 

The  reasons  for  this  deviation  cannot  be  fully 
explained  by  the  results  of  the  tests  conducted  in  this 
investigation,  but  some  suppositions  can  be  forwarded.  The 
dimensions  of  the  cylinders  may  have  had  an  effect  on  the  stress 
at  this  point,  in  that  the  hole  may  not  have  been  far  enough  from 
the  ends  of  the  cylinder  to  eliminate  end  effects.  If  further 
investigations  are  continued,  it  would  be  advisable  to  check  this. 


The  hole  in  the  side  of  the  cylinder  introduces  bending 


stresses  in  the  longitudinal  direction  at  point  B. 
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Consider  the  statical  equilibrium  of  one  half  of  the 
cylinder,  taking  a  section  through  the  centre  of  the  hole.  A 
force  due  to  the  internal  pressure  F  =  P  1T<T  acts  on  the  closed 
end  of  the  cylinder  and  there  is  a  stress  in  the  longitudinal 
direction  opposing  this  force. 

To  find  the  distribution  of  this  stress,  the  section 
through  the  hole  may  be  considered  to  have  a  force  and  a 
moment  acting  on  it  as  shown  below.  The  force  acts  through 
the  neutral  axis  of  the  section. 


given  by: 

where  A 
of  inertia 


The  stress  in  the  longitudinal  direction  at  point  B  is 


r 

A 


-f 


F  e  Hb 

X 


8 


and  I  are  the  cross-sectional  area  and  area  moment 


for  the  cross-section  at  the  centre  of  the  hole. 


Figure  1 14  shows  the  magnitude  of  the  longitudinal 
stress  at  point  B  as  calculated  using  Lqn,  8  compared,  as 
previously,  to  the  hoop  stress  in  the  cylinder  without  a  hole. 
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EXTERNAL  TO  INTERNAL  DIAMETER  OF  CYLINDER 

FIGURE  II40 


148 


This  diagram  has  the  same  general  shape  as  Fig.  113,  although 
the  magnitude  of  the  stress  concentration  is  much  smaller. 

this  grossly  oversimplified  calculation  indicates  that 
bending  does  contribute  toward  the  high  stress  at  point  B,  and  a 
more  detailed  theoretical  analysis  should  consider  this  condition. 

it  also  appears  that  the  curvature  has  a  greater  effect 
on  the  stress  around  the  hole  than  was  assumed  previously. 
Whatever  the  reason  for  the  increased  stress  at 
point  B,  the  experimental  results  are  consistent  and  have  shown 
a  definite  trend.  From  Fig.  113  we  see  that  the  stress 
concentration  factor  at  point  B  increases  with  increasing  size  of 
hole  and  decreasing  wall  thickness.  Further,  the  rate  of 
increase  is  rapid  regarding  both  size  of  hole  and  wall  thickness. 
For  a  thin  cylinder  with  a  large  hole,  the  stress  at  point  B 
becomes  greater  than  at  point  A,  and,  if  the  curves  can  be 
extended,  it  appears  that  point  B  is  critical  for  a  hole  which  is 
not  too  large  in  an  extremely  thin  shell. 

Most  of  the  previous  investigations  of  the  stress 
around  holes  in  cylinders  have  not  considered  the  stress  at  point 
B,  however,  Houghton,  in  his  work  using  photoelasticity,  analyzed 
the  stress  tangential  to  the  hole  at  this  point  and  found  it  to  be 


' 


149 


compressive,  which  agreed  with  the  theoretical  predictions  of 
Lurie^ .  This,  of  course,  is  in  direct  disagreement  with  the 
findings  herein  and  with  the  flat  plate  theory.  No  reason  for- 
this  discrepancy  is  evident  from  the  results  presented. 

The  stress  concentration  factors  reported  in  this 
investigation  were  obtained  using  strain  gauges,  and  the 
pressure- strain  relationships  for  the  specimens  were  very  nearly 
linear.  Consequently,  the  results  should  be  interpreted  as  elastic 
stress  concentration  factors.  There  is  some  re-distribution  of 
stress  due  to  the  yielding  of  the  material,  if  the  stress  is  taken 
into  the  plastic  region.  A  plastic  stress  concentration  factor  may 
be  more  appropriate  for  some  applications,  but  that  is  beyond  the¬ 
se  ope  of  the  present  work. 


' 
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CHAPTER  8 

CONCLUSIONS 

The  stress  concentration  factors  at  the  edge  of 
unreinforced  holes  in  a  cylindrical  pressure  vessel  were  found  to 
vary  between  0,6  and  4,0  for  the  cylinder  dimensions  tested  as 
shown  in  Figs.  112  and  113. 

From  the  results  of  this  investigation  it  may  be 
concluded  that  flat  plate  theory  is  not  a  good  basis  for  analysis 
of  the  stress  around  holes  in  cylinders.  This  experimental 
analysis  has  shown  that  the  stress  tangential  to  the  hole  at  point 
A  agrees  with  that  predicted  by  flat  plate  theory,  but  the  stress 
tangential  to  the  edge  of  the  hole  at  point  B  is  much  greater  than 
that  predicted  by  flat  plate  theory  and  is  not  always  smaller  than 
the  stress  at  point  A.  For  large  holes  in  thin  shells  it  has  a 
greater  amplitude  than  the  stress  at  point  A  . 

The  disturbed  area  extends  further  from  the  hole  in 
the  hoop  direction  than  in  the  axial  direction,  the  stress 
decreasing  to  the  magnitude  of  the  stress  in  the  undisturbed 
region  within  four  hole  diameters  from  the  edge  ol  the  hole  in 
the  former  case,  and  one  and  one  half  hole  diameters  from  the 
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hole  in  the  latter  case.  The  disturbed  area,  although  larger 
than  assumed  by  some  authors  is  still  of  a  relatively  local 
character . 
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APPENDIX  A 

Typical  Calculation 

As  an  example  of  the  procedure  used  to  analyse  the 
strains  read  from  the  strain  gauges,  the  calculations  for  the 
cylinder  having  a  1/8  inch  wall  thickness  and  a  1/2  inch  diameter 
hole  will  be  presented  here. 

rI  hree  tests  were  run  on  the  cylinder  and  the  results 
ot  these  tests  were  averaged.  The  average  results  were  then 
used  to  plot  the  diagrams  of  strain  vs.  pressure  shown  in  Figs. 
28  and  29.  From  the  "best-fit"  straight  line  for  each  gauge  in 
these  figures,  the  strain  was  read  for  a  pressure  of  600  psi. 
These  strains  are  presented  in  the  table  below. 


GAUGE  NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1  1 

12 

STRAIN 
micro  inches 
per  inch 

380 

195 

174 

-20 

2  1 

54 

410 

239 

1  18 

12 

130 

1  79 

STRAINS  AT  600  psi. 

1/8  Inch  Wall  Thickness  1  / 2  Inch  Hole 


The  positioning  of  each  of  these  gauges  relative  to  the 


t 
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hole  is  shown  in  Fig,  27. 


Using  the  above  strains  and  the  dimensions  shown  in 
Fig  27  the  diagrams  of  strain  vs.  distance  from  the  edge  of  the 
hole  were  plotted  approaching  points  A,  and  B.  These  diagrams 


are  shown  in  Figs,  65  and  89, 

The  strains  in  the  hoop  and  axial  directions  were  read 
from  these  curves  at  regular  distances  from  the  edge  of  the  hole, 
and  Eqns,  3  were  used  to  calculate  the  stresses  at  these  points. 

A  value  of  29.8  x  10°  psi.  was  used  for  the  modulus  of 
elasticity  and,  as  previously  described,  Poisson's  ratio  was 
found  to  be  0.27,  Eqns.  3  reduced  to: 

Oi  =  +  027  Sz)  -  32.i ( e®  0.2? 


9 


o;  -  +  °  2  7  eA  ••••  52.1  (Sz  +  °-2 7  e0) 

~  [/  -(0.2  7)*  J  V  '  '  / 

where  and  6?0  are  in  micro  inches  pe  r  inch. 

The  calculation  of  0©  and  CTz  approaching  points  A 
and  B  using  Eqns.  9  were  set  up  in  tabular  form  and  are  given 


in  Tables  2  and  3  respectively. 

The  stresses  found  from  these  tabular  calculations 
were  used  to  plot  the  diagrams  of  stress  vs.  distance  lrom  flu 
edge  of  the  hole  shown  in  Figs.  7/  and  101. 

The  stresses  found  at  the  edge  of  the  hole  were  then 
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used  to  calculate  the  stress  concentration  factors  of  2,69  and 
2. 56  for  points  A  and  B  respectively.  These  values  were  then 
plotted  as  points  on  the  stress  concentration  factor  curves.  Figs. 
112  and  113. 
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